The Hilbert curve is a continuous type of fractal space-filling curve. This fractal curve visits every point in a square grid with a size of 2 × 2, 4 × 4, or any other power of two. This paper presents Hilbert fractal curve application to direct methanol fuel cell (DMFC) current collectors. The current collectors are carved following first, second, and third order Hilbert fractal curves. These curves give the current collectors different free open ratios and opening perimeters. We conducted an experimental investigation into DMFC performance as a function of the free open ratio and opening perimeter on the bipolar plates. Nyquist plots of the bipolar plates are made and compared using electrochemical impedance spectroscopy (EIS) experiments to understand the phenomena in depth. The results obtained in this paper could be a good reference for future current collector design.
Introduction
A fuel cell is an energy generator that converts chemical energy stored in the fuel directly into electrical energy using a series of electrochemical reactions without any moving parts. The fuel cell system is therefore simple and ideally noiseless. Compared with a traditional combustion engine, the fuel cell has the main advantages that it is clean, efficient, quiet, and simple, with a power and capacity ratio that can be scaled [1] . The direct methanol fuel cell (DMFC) is a prominent potential substitute power source for portable applications. The advantages of the DMFC are operating at near room temperature, using methanol without a bulk transformer, and using convenient combination liquid fuel storage and refueling system. The DMFC is, therefore, suitable for miniature designs and can be easily carried [2, 3] .
A DMFC usually operates near room temperature. The anode, cathode, and overall reactions are Anode: CH 3 OH + H 2 O → 6e − + 6H + + CO 2 (1) Cathode:
Overall:
The anode reactants are methanol and water. The oxidation reaction occurs at the anode, which converts the reactants into hydrogen protons, electrons, and carbon dioxide. The hydrogen protons are transported from the anode to the cathode through a polymer electrolyte membrane. The electrons released at the anode are conducted through an external circuit to the cathode. The reduction reaction occurs at the cathode to change protons, electrons, and oxygen into water [4] .
In a typical DMFC fuel cell, the bipolar plate is the unit that carries electrons away from the anode to be received at the cathode, distributes the fuel and oxidant within the cell, separates the individual cells in the stack, and assists in water and thermal management. The bipolar plate materials should have high electrical and thermal conductivity, good corrosion resistance, sufficient compressive strength, and low density characteristics such that the fuel cell will exhibit high performance and maintain stable operations [5] [6] [7] .
A DMFC is conventionally stacked in the vertical direction with each bipolar plate serving as the anode in one cell and cathode in the next cell (resulting in multiple cells connected in series). The flow channels inside the bipolar plates are grooved to distribute fuel and collect the electrical charge. PEMFC/DMFC planar interconnection designs have recently been presented in which the architecture alternates between vertical stacking and planar connection in series. This configuration produces better volumetric packaging than the vertical stack, thus giving better design flexibility for portable applications [8] . In planar type DMFCs, such as the planar printed-circuit-board fuel cell module, there is no bipolar plate in the structure. Instead of bipolar plates, this fuel cell has separate current collector components with openings to collect electrons as well as flow boards to distribute fuel among the cells.
Fuel cell performance can be represented by a polarization curve, that is, the cell potential versus current density curve, which reflects the fuel cell activation loss in the low current density range, the ohmic losses in the intermediate current density range, and the concentration loss in the high current density range. The fuel cell polarization curve is determined by measuring the open circuit potential and making the voltage or current measurements at prescribed potential or current intervals [8] .
Fractal geometry is mathematically defined in "Hausdorff dimensions, " a set of nonintegers, according to the theory proposed by Mandelbrot [9] . Fractal theory describes certain phenomena that are difficult to describe in terms of very fine variations using convectional methods. The main characteristics of a fractal pattern are self-similarity, subdivisibility, and a recursive nature. Fractal patterns have been applied in many engineering fields, such as describing the variations in entropy and heat transfer [10] , electronic cooling applications [11] , heat sink fins (by Lee et al. [12] ), and the automatic polishing path [13] .
The first application of fractal theory to the fuel cell was presented by Tüber et al. [14] , who applied the "FracTherm" theory in PEM/DMFC flow designs for bipolar plates. Their fractal flow boards were designed as biological fluid channels with a multibranched structure with smooth flow paths. Based on a performance comparison of the fractal, serpentine, and parallel flow fields, the cell with a serpentine flow channel yields better cell performance but has a much greater pressure drop across the channel. Both the multiple-branched fractal and parallel flow fields create a lower pressure drop with similar performance. Chang et al. [15] proposed a type of current collector with a Siepinski carpet fractal geometry. Their current collector design included first and second Siepinski carpet fractal hole arrangements and was compared against the standard hole arrangement. The results showed that the open ratio and perimeter length of the holes are two important factors that affect the performance. A longer total hole perimeter resulted in better cell performance, while a shorter total perimeter length and free open hole ratio led to poor cell performance. Therefore, a longer total perimeter length under the same free open ratio is recommended. Later, Kuan et al. [16] presented a DMFC with Hilbert curve fractal current collectors. They concluded that current collectors with a more uniform opening distribution and higher total opening perimeter length could reduce the anode flow rate effect. A higher total free open ratio and total opening perimeter length in the current collectors could increase the cell performance. In the previous paper, only polarization curves were measured to discuss the cell performance with no further quantitative analysis to explore the impedance behavior caused by the electric charge migration under electrochemical reactions. The current collectors in this work were designed using the Hilbert curve, one of the continuous type fractal geometries. Experiments to measure the polarization curves and Nyquist plots using electrochemical impedance spectroscopy (EIS) were also carried out as part of this study.
Current Collectors with a Hilbert Curve Geometry
The Hilbert curve fractal is a continuous space-filling curve that fills a square and is typically defined as the limit of a sequence of iteratively defined curves that have only short vertical and horizontal jumps between the points in a square grid with a size of 2×2, 4×4, 8×8, 16×16 or any other power of 2. The curves do not have self-intersections or touching points at any stage [17, 18] . A DMFC with first, second, and third Hilbert curve current collectors and a standard circular hole arrangement is studied. To simplify the experiments and ensure cell stability, a DMFC with stainless steel 316L (SS316L) current collectors was used because SS316L has the advantage of being easy to machine and lower cost and demonstrates good mechanical properties [19, 20] . The MEA reactive area is 35 mm × 35 mm, and the size of each current collector is 95 mm × 95 mm × 2 mm. Figure 1 shows a Hilbert curve fractal current collector. The geometric information on the current collectors is shown in Table 1 
Experimental Setup
A single cell DMFC test fixture was used in this study along with the following components: an anode flow board, gasket, anode current collector, gasket, MEA, gasket, cathode current collector, gasket, and cathode airflow board. The anode and cathode flow boards were made of acrylic. Both the anode and cathode current collectors were made of SS316L. To prevent liquid fuel and air leakage, a gasket was placed between each of the components. The membrane electrode assembly (MEA) was sandwiched between the SS316L plates (Nafion 117 was used as the electrolyte), and a 4 mg cm −2 PtRu catalyst was loaded onto the anode and a 4 mg cm −2 Pt was loaded onto the cathode. The active single cell size in the experimental DMFC was 35 mm × 35 mm. The complete single DMFC test fixture assembly is shown in Figure 2 . Figure 3 shows a schematic diagram of the experimental setup. The anode methanol solution was preheated using a temperature controlled water bath that was fed using a squirm pump. The cathode airflow was driven by an air pump and the flow rate was controlled using an airflow regulator. The DMFC was connected to an electrochemical impedance spectroscopic instrument to make the related measurements. Figure 4 includes a schematic drawing of the physical picture, a circuit diagram, and a Nyquist plot for a simple DMFC impedance model. The symbols are defined as follows: Ω : ohmic resistance, ,A : anode Faradaic resistance, dl,A : anode double-layer capacitance, ,C : cathode Faradaic resistance, dl,C : cathode double-layer capacitance, : radial frequency, and : Warburg impedance element. Two semicircles are shown in the Nyquist plot. The first loop corresponds to the anode activation kinetics and the second loop corresponds to the cathode activation kinetics. At high frequencies, the real-axis intercept corresponds to the ohmic resistance. The diameter of the first loop gives ,A , and the diameter of the second loop gives ,C . At low frequencies the diagonal line is due to mass transport which is enabled by the infinite Warburg impedance. The impedance response characterization depends on the operating voltage. The activation kinetics dominate and the Faradaic resistance ( ) is large for high voltages. The activation loops decrease due to the decreasing value of at the intermediate operating voltage range. The activation loops would continue to decrease, but the diagonal Warburg response might occur at low frequencies because of the mass transport effect in the low operating voltage range [10] . This paper only discusses the characterization at high and intermediate operating voltage ranges. The low operating voltage range is not covered because a DMFC should generally operate above the concentration polarization range.
Results and Discussion
In all of these experiments the environmental conditions were kept at room temperature and humidity (∼60% RH). The anode was supplied with a 55 ∘ C and 2 M MeOH/DI watermethanol solution. In our previous study the results indicated that the performances are close under different DMFC anode flow rates with standard circular hole current collectors. Therefore, this study maintained the anode flow rate at 15cc min −1 and cathode airflow rate of 1000cc min −1 throughout the study [16] . Figure 5 shows a comparison of the polarization curves for the DMFC at a 15cc min −1 anode flow rate. The DMFC with HFCC3 showed the best cell performance, the DMFC with HFCC2 showed the second best performance, the DMFC with SRCC showed the third best cell performance, and the HFCC1 had the worst cell performance. Figure 6 is a comparison of the Nyquist plots obtained using the EIS measurements at 0.5 V for the DMFCs with different current collectors. The DMFC with HFCC1 showed the largest cell impedance response which leads to the worst cell performance. The DMFC with SRCC showed the second largest cell impedance response. The DMFC with HFCC2 showed the third largest cell impedance response, and the DMFC with HFCC3 showed the lowest impedance response. Figure 7 shows a comparison of the Nyquist plots obtained by the EIS measurements at 0.4 V for the DMFCs with different current collectors. The DMFC with HFCC1 showed a significantly larger impedance response than the others, which leads to the worst cell performance. The DMFC with SRCC showed the second largest impedance response, but it was still much lower than the DMFC with HFCC1. The DMFC with HFCC2 showed the third largest impedance response, and the DMFC with HFCC3 showed the lowest impedance response.
The DMFC current collectors with a low free open ratio and short total perimeter opening length, such as HFCC1, showed significant large cell impedance, thus resulting in the worst cell performance. When a high free open ratio and long total perimeter opening length were used, the significant cell impedance dropped at 0.4 V (i.e., the ohmic impedance was obviously reduced), and the cell impedance showed a drop at 0.5 V (i.e., the activation impedance was reduced, but not as much as the change at 0.4 V).
The experimental results do not show the long tails up as in Figure 5 for the EIS measurements in Figures 6 and 7 . At the low AC frequency range, if the electrode receives an applied voltage, the reaction time becomes longer and the reactants at the electrode surfaces react completely leading to insufficient fuel. The mass polarization effect might then become significantly prominent, causing the long tails up as shown in Figure 5 . However, this phenomenon did not occur in the experiments such that there were no long tails up in Figures 5 and 7 .
The total free open ratio is almost the same for the DMFC current collectors with HFCC2, HFCC3, and SRCC. The HFCC3 has a significantly longer total perimeter opening Journal of Chemistry length. The HFCC2 and SRCC have the close total perimeter length of opening, but the SRCC is slightly longer than HFCC2. Through a comparison of the DMFC, HFCC2, and SRCC, we found that the HFCC2 showed slightly lower cell impedance than the SRCC at 0.5 V; that is, the activation impedance was slightly lower. In addition, the HFCC2 had lower cell impedance than the SRCC at 0.4 V; that is, the ohmic impedance was obviously lower. Therefore, at the close free open ratio and total perimeter opening length, the DMFC with continuous openings reduced the ohmic impedance with slightly smaller activation impedance than the unit with the separate openings. Thus, the DMFC with the continuous opening performed better. Under the same free open ratio the current collector with HFCC3 has a much longer total perimeter opening length. Through a com-parison of the DMFC with the HFCC3 and HFCC2, the HFCC3 had lower cell impedance values at both 0.5 V and 0.4 V. Therefore, continuously increasing the total perimeter opening length would reduce both the activation and ohmic impedance and result in better cell performance. According to the experimental results, the DMFC with HFCC1 shows the lowest cell performance and highest impedance. The HFCC1 geometrical design has the smallest total free opening ratio and the shortest total perimeter opening length. At the 0.5 V and 0.4 DC load there is larger electric charge resistance during the DMFC electrochemical reaction process, thus increasing the internal resistance. Therefore, the DMFC shows lower cell performance and higher resistance. The total free opening ratio of HFCC3, HFCC2, and SRCC is designed about 50%; the HFCC3 has the longest total perimeter opening length, SRCC has the second longest, and HFCC2 has the shortest. The polarization measurements show that the DMFC with the HFCC3 current collectors has the highest cell performance, with the HFCC1 having the second and with the SRCC having the lowest.
The EIS experiments show that the DMFC with the HFCC3 current collectors has the lowest impedance, with HFCC2 the second and with SRCC the highest. The main reason the DMFC with HFCC2 currents has higher cell performance and lower impedance is because the HFCC2 is a continuous type of geometry, which could help supply the fuel and drain the production more smoothly. In addition, the free opening distribution for the HFCC2 could make the reactants at both the anode and cathode more uniformly distributed into the diffusion layers allowing the reactants to drain out more smoothly. As the HFCC2 geometry is more uniformly and systematically divided, it provides longer total current collector perimeter opening length than SRCC under the same reaction area. The electric charge distribution is then distributed more uniformly and the inner resistance reduced.
As the HFCC3 has the longest total perimeter opening length under the approximately same total free opening ratio, the DMFC with HFCC3 current collectors shows the highest cell performance and lowest cell resistance.
Conclusions
This paper investigated a DMFC design with Hilbert curve fractal openings. The DMFC with HFCC1, which had the smallest free area ratio and the shortest total perimeter opening length, had the worst cell performance and the largest impedance at both 0.4 V and 0.5 V. Increasing both the free area ratio and total perimeter opening length could significantly reduce the impedance at 0.4 V, that is, ohmic impedance, and also reduce the impedance at 0.5 V (activation impedance), although this effect is expected to be smaller than at 0.4 V. Under the same free open ratio and total perimeter opening length, the DMFC with continuous openings could help to reduce the ohmic impedance with slightly less activation impedance. A further increase in the total perimeter opening length, such as in the case of the DMFC with HFCC3 (which contains the longest total perimeter opening length and free open ratio), could continuously reduce the activation and ohmic impedances, leading to better cell performance.
